Transcriptional analysis of five different regions of the Bacillus subtilis 168 genome, comprising a total of 175 kb encoding newly identified genes, was carried out using the RT-PCR technique as part of the functional analysis of the whole genome of this bacterium. Amplification of mRNA fragments allowed the detection of both highly and poorly transcribed genes covering 81 % of putative ORFs, and also the monitoring of variations in the expression level among genes differentially expressed during particular bacterial growth phases.
INTRODUCTION
Studies of the expression of large genomic regions in bacteria are technically difficult since until recently simultaneous analysis of coordinated expression was only possible for a limited subset of genes. Most of the currently available methodology for studying differential expression of genes is applicable only to eukaryotic poly(A)-tailed mRNA ; the absence of polyadenylation in prokaryotic mRNA does not help in bacterial transcriptional analysis. Only 4-5 % of the total bacterial RNA preparation is mRNA, which adds a further element of considerable difficulty in detecting transcription of bacterial genes, particularly of those that are poorly expressed or that have highly unstable messengers.
A rRNA subtraction approach has been used to identify differentially expressed bacterial genes (Plum & ClarkCurtiss, 1994 ) but, after removal of rRNA, it is difficult to get clean mRNA preparations without selective loss of mRNA. Methods relying on differential hybridization to overlap moderately large clones of the bacterial genome (Chuang et al., 1993) require subcloning followed by sequencing of the relevant genes. Monitoring expression of a large number of genes in eukaryotes has been possible by using DNA arrays or oligonucleotide microarrays (Pease et al., 1994 ; Lockhart et al., 1996 ; Wodicka et al., 1997) . Hybridization of labelled cDNA or mRNA to the high-density probe microarrays allowed the analysis of expression of many genes in a single hybridization experiment. Due to the high background that a probe of labelled total RNA would give, DNA or oligonucleotide microarray technology may not be applicable for bacterial transcriptional analysis. Nevertheless, the method has been adapted to monitor gene expression in Streptococcus pneumoniae (de Sazieu et al., 1997) with promising results, but it requires hybridization to probes labelled either by radioactivity or otherwise. Here, we demonstrate the applicability of specific amplification of mRNA fragments ; the mRNA complementary strand is synthesized in the presence of reverse transcriptase followed by several rounds of amplification by PCR using appropriate sets of oligonucleotides. The method needs as little as 50 ng total RNA, does not require the use of labelled probes in hybridization experiments and allows monitoring of the presence of different levels of RNA.
METHODS
Standard media and DNA manipulations. Bacillus subtilis 168 (trpC2) was the strain used in the experiments and was provided by C. Anagnostopoulos (INRA, Jouy-en-Josas, France). The procedures for the growth of B. subtilis and DNA manipulation were as described by Harwood & Cutting (1990) . DNA was isolated from B. subtilis cultures grown at 37 mC in minimal medium, nutrient broth and sporulation medium as described by Harwood & Cutting (1990) and Schaeffer et al. (1965) . MM contains Spizizen minimal salts (Anagnostopoulos & Spizizen, 1961) supplemented with 0n4% (w\v) glucose, 0n2% (w\v) -glutamine, 50 g -tryptophan l − " and trace elements (Harwood & Cutting, 1990) Difco Bacto Nutrient Broth l − " supplemented with 0n25 g MgSO
, adjusted to pH 7n1. For induction of the ara operon, B. subtilis cells were grown in minimal C medium (Pascal et al., 1971) supplemented with 1 % (w\v) casein hydrolysate, and -arabinose or glucose was added to the cultures as carbon sources at a final concentration of 0n4% (w\v). Transcriptional analysis. Aliquots from the different cultures were lysed (Mellado et al., 1981) and total RNA was extracted at the times indicated in the Results and Discussion section as described by Kedzierski & Porter (1991) . Total RNA from sporulating cells was prepared in the same manner but a grinding step with glass beads (2 mm diameter) was used to break the sporulating cells before lysis. When necessary, RNA preparations were rendered DNA-free by incubation with DNase-RNase free (Promega), following the supplier's manual. RT-PCR analysis was carried out by incubating the amounts of total RNA preparations indicated in the Results and Discussion section first with AMV reverse transcriptase, and then with Thermus flavus DNA polymerase. The Promega Access RT-PCR system kit containing both enzymes was used, following the supplier's manual. RT-PCR reactions were carried out in a final volume of 100 µl using the oligonucleotides indicated in Table 1 as primers. RT-PCR reactions were carried out in automated thermocyclers (PTC-100, MJ Research) by incubation at 48 mC for 45 min followed by 2 min heating at 95 mC. Amplifications were carried out by 40 cycles of incubation at 94 mC (0n5 min), 60 mC (1 min) and 68 mC (2 min), with a final extension step of incubation at 68 mC for 7 min. The amplified DNA fragments were analysed by 1n5% (w\v) agarose gel electrophoresis ; up to 108 samples were run at the same time in a Scie-Plas electrophoresis unit.
RESULTS AND DISCUSSION

Transcriptional analysis by RT-PCR
Five different regions of the B. subtilis genome, 936n6-976n6 kb, 1265n4-1280 kb, 2744-2767 kb, 2854n4-2964n4 kb and 3384-3430 kb (numbering according to Kunst et al., 1997) , were chosen as large genomic regions to conduct simultaneous trancriptional analysis of newly identified genes. The five regions encompass a total of 175 kb of new sequence and comprise up to 181 ORFs. To assess if all the putative new genes deduced from the sequencing analysis of the bacterial genome did correspond to functional genes, we needed to develop methods to allow fast, easy and sensitive global trans-Transcriptional analysis of the B. subtilis genome As a way to scale up the RT-PCR reaction, amplification of total RNA preparations with different combinations of primer oligonucleotide pairs was assayed. The oligonucleotide pairs lytT-f\lytT-r, lytS-f\lytS-r and yslB-f\yslB-r (Table 1) , corresponding to genes lytT, lytS and ystB, respectively, were used as primers for RT-PCR reactions. The RT-PCRs were carried out in the presence of 500 ng total RNA, either with each pair of primers individually, or with combinations of two or three pairs. A reaction without reverse transcriptase was carried out as a negative control in all cases to ensure that the resulting DNA fragment was not due to amplification of contaminant DNA (not shown). The results proved that combined RT-PCRs for more than one gene in the same reaction resulted in competition for the enzyme with subsequent loss of the corresponding bands. Since lytS and lytT may form a potential two-gene operon, as deduced from the genome sequencing data (Kunst et al., 1997) , the results obtained also illustrate that different pairs of primers for the same transcript could also compete in the combined RT-PCR analysis.
To overcome these difficulties, RT-PCR analysis for individual genes was performed. Fig. 1 shows representative results obtained when putative transcripts for some of the newly found genes in the five different regions of the B. subtilis genome were amplified by RT-PCR using as a template total RNA isolated from bacterial cultures grown in minimal medium to midexponential phase. All the products obtained were of the expected size and the absence of product in the reactions without RT demonstrates that the bands observed with reverse transcriptase derived from RNA and not from possible contaminant DNA. Most of the genes in all chromosomal regions tested had transcripts which were amplified by RT-PCR when 500 ng total RNA were used in the reaction (as in Fig. 1) ; increasing the amount of RNA template to 1 µg or adding amplification cycles to the reaction did not alter the results (not shown).
Genes that did not have RT-PCR-detectable transcripts are shown with an asterisk in Table 1 and amounted to only 18n7 % of the genes tested.
Monitoring of differential gene expression
We also tested whether the RT-PCR technique could be used to distinguish individual genes that are differentially expressed depending on environmental and\or physiological conditions. The presence of the spoVID transcript was monitored by RT-PCR amplification using 500 ng total RNA preparations from bacteria induced to sporulate by nutrient exhaustion in Schaeffer's medium (Harwood & Cutting, 1990) in the presence of the appropriate pair of primers (Table 1) . Expression of spoVID is known to peak at about the second hour of sporulation and continue throughout spore development (Beall et al., 1993) . The results of these experiments are shown in Fig. 2(a) . The gene is expressed more abundantly during sporulation than in exponential phases of growth ; the different amount of amplified material after the RT-PCR reaction in each case reflected the expected difference in the relative expression level (Beall et al., 1993) (the transcription detected before T # probably reflects the natural asynchrony of the culture), clearly showing that RT-PCR amplification can also be of use to distinguish between different levels of gene expression. Transcription from the ara operon is not detected when bacterial cells are grown in the absence of arabinose. When cells were grown in the presence of arabinose, the operon became induced (Sa! -Nogueira & Ramos, 1997) and transcription from two genes of the operon (abfA and araL) was clearly detected by RT-PCR (Fig. 2b) . These results indicate that some of the silent ORFs in the B. subtilis genome might not be expressed unless properly induced, as is the case with the ara operon, and that RT-PCR could be used to detect differential transcription of genes. 
RT-PCR sensitivity
To monitor the sensitivity of the RT-PCR reaction for the detection of transcripts of poorly expressed genes versus those with a higher expression, serial dilutions of total RNA preparations were used as templates for the RT-PCR amplification of mRNAs from a gene, the transcript of which was detected by Northern blot analysis (ygaI ; A. Herna! ndez, V. Parro & R. P. Mellado, unpublished results) and from another gene, the transcript of which was only detected by RT-PCR analysis (ygaD). Fig. 3(a) shows that transcription from ygaI could be detected even when only 5 ng total RNA was used as a template, whereas 50 ng total RNA seemed to be the minimum amount needed to clearly detect the ygaD transcript (Fig. 3b) . Therefore, a 10-fold difference in the level of detection could be established between the two kinds of transcripts. Considering that a maximum of 5 % of a total RNA preparation is mRNA and that the B. subtilis genome contains approximately 4000 proteinencoding genes (Kunst et al., 1997) , and assuming that all genes are transcribed (at least to an extent detectable by RT-PCR) and a mean yield of about 3 mg RNA per ml of culture that contains 2i10* cells, the RT-PCR detection limit appears to be approximately 0n7 (less than one) transcripts per cell. Therefore the RT-PCR approach is more sensitive than the conventional Northern blot analysis and appears to be more sensitive than the assay based on total RNA hybridization to oligonucleotide arrays (de Sazieu et al., 1997) , where detection limits were reported to be around two transcripts per cell.
From the results obtained it is concluded that RT-PCR could be a useful technique for simultaneous transcriptional analysis of large regions of bacterial genomes since it is easy to use, does not require hybridization to labelled probes, is very sensitive, differentiates between expression levels, and can be used for the analysis of coordinately expressed genes.
